ABSTRACT Mounting evidence suggests that pollinators worldwide are experiencing dramatic population declines, and exposure to pesticides is one of the factors that can account for this. By making use of a database containing more than two decades of honey bee (Apis mellifera) hive poisoning incidents from the United Kingdom (Wildlife Incident Investigation Scheme [WIIS]) and corresponding pesticide use surveys, we attempted to explain honey bee poisoning incidents in the Þeld using models derived from pesticide use information, laboratory-generated bee toxicity data (deÞned as a hazard ratio; application rate divided by LD 50 ), and physico-chemical properties of the applied pesticides. Logistic regression analyses were used to assess the relationship between honey bee poisoning incidents in the Þeld and these parameters. In analyzing models with multiple dimensions, we selected the best model by the best subset method, an iterative method based on maximum likelihood estimation, and AkaikeÕs information criterion. Results suggested that the size of the area treated and hazard ratios calculated from application rates and oral or contact toxicity (but the latter especially) can be used to predict the likelihood that honey bee mortality will occur. Model predictions also suggest that some insecticides carry an extreme risk for bees, despite the lack of documented incidents.
Invertebrate pollinators are valued components of agro-ecosystems and render well-deÞned economic services; at least 450 crop species globally depend on pollination by bees and other insects (Buchmann 1996) . Southwick and Southwick (1992) estimated that the annual economic beneÞt to consumers in the United States from honey bee pollination of agricultural crops was between $1.6 and $8.3 billion, and Morse and Calderone (2000) , using a simpler method, placed that value at $14.6 billion. Losey and Vaughan (2006) advanced a Þgure of $3.1 billion for wild pollinator services on the same list of crops. Blawat and Fingler (1994) estimated that the value of pollinators to alfalfa seed growers in the Canadian prairies (Alberta, Saskatchewan, Manitoba) was 35% of annual crop production, or roughly $2 million a year. Even though it has been recently questioned (Ghazoul 2005) , there is mounting evidence that pollinators worldwide are experiencing dramatic population declines (Allen-Wardell et al. 1998 , Kremen and Ricketts 2000 , Kevan and Phillips 2001 . The most likely factors that account for these declines are varroa and tracheal mite infestation, poor weather, threats from Africanized bees, and exposure to pesticides (Matheson et al. 1996) . Indeed, the Ecological Society of America (ESA) identiÞed agricultural pesticide use as a major threat to pollinators (http://www.esa.org/ecoservices/).
In Canada, Þeld tests that consider the impact of pesticides on bees or wild pollinators are seldom carried out as a condition of pesticide registration. Instead, results from laboratory tests are used to trigger product label warnings. For example, one dimethoate product (United Agri Products Canada Inc., Dorchester, Ontario, Registration # 9382) states: "If spraying must be done during the blooming period, restrict application to the period after dark or very early morning in order to reduce mortality to bees that may be visiting the blooms." Although these label recommendations may help reduce the impact of spraying on managed crop pollinators and hives may be covered or removed before application, such recommendations may not be adequate to protect native pollinators in the surrounding habitat. For example, non-Apis bees (e.g., bumblebees) are known to have seasonal and diel foraging cycles that differ markedly from those of honey bees (Thompson and Hunt 1999, Thompson 2001) , and mortality in those species usually goes unnoticed. Of course, different pollinator species may also differ markedly in their sensitivity to different pesticides (Tasei 2002) . Nevertheless, we opted to look at honey bee toxicity and honey bee incident reports as a "Þrst tier" surrogate for ranking the risk of pesticides to pollinators in general. This is part of a larger exercise aimed at measuring the "environmental footprint" of registered pesticides in view of developing ideal standards of use under the Canadian National Agro-environmental Standards Initiative.
The typical way of assessing the relative impact of pesticides is to rank active ingredients on the basis of their relative acute toxicity determined from laboratory results. Considering that acute toxicity is not always correlated with risk in a linear fashion, the aim of this study was to investigate whether or not reported bee incidents from the Þeld could be used to calibrate risk scores obtained from the laboratory. Canada has no centralized registry of bee mortality incidents nor does it collect comprehensive pesticide use or sales data; the United Kingdom, however, does both. By making use of a database containing 21 yr of honey bee (Apis mellifera) poisoning incidents from the United Kingdom Wildlife Incident Investigation Scheme (WIIS), as well as corresponding pesticide use surveys, we attempted to explain honey bee poisoning incidents in the Þeld using models derived from pesticide use information, laboratory-generated bee toxicity data, and physico-chemical properties of applied pesticides.
Materials and Methods
Bee Incident Data. A total of 234 poisoning incidents were found in the WIIS data set. The WIIS relies on beekeepers and other interested organizations or individuals to report suspected poisoning incidents and submit dead bee samples for analysis. All of the poisoning incidents used in this study were cases where dead bees were found at the hive. The bee samples are analyzed to rule out nonpoisoning incidents (e.g., mite infestations) and to determine any pesticide residues that may have caused bee mortality. Pollen (from pollen baskets on the dead bees) is also analyzed to help determine the crops on which the bees have been foraging. The database included mortality incidents resulting from pesticide applications that may have been improperly timed (e.g., applied to crops in ßower or in ways otherwise inconsistent with the label); because our goal was to develop models applicable to wild pollinators, these incidents were retained for the analysis. However, bee mortality incidents resulting from abusive use of pesticides (e.g., situations when pesticides were applied to the hive directly either to kill the bees or to kill bee pests such as the varroa mite [Varroa jacobsoni]) were excluded from this analysis. The WIIS reports annually and reports are now (1998-current) available for download at http://www.pesticides.gov.uk/environment. asp?idϭ1861. Earlier analyses of WIIS bee incident data can be found in Aldridge and Hart (1993) and Greig-Smith et al. (1994) .
Differences in pesticide uptake and wash off (dependant on leaf cuticle properties) and bee foraging behavior (which varies from crop to crop) can inßu-ence the likelihood of bee mortality for different crops. To help isolate pesticide properties responsible for kills, our analysis was restricted to oilseed rape and pulses, the two crops with the most mortality incidents in the WIIS data set (together they include 181 of the 234 incidents). Oilseeds, primarily 000 varieties that are equivalent to North American canola, but also including ßax, sunßower, and safßower, had 145 retained mortality incidents over the 21-yr period, whereas pulses (dried beans and lentils; Þeld beans in the agricultural statistics) had 36 mortality incidents.
Pesticide Use Data. Information on the total area treated and weight of all active ingredients for all insecticides applied to oilseeds and pulses were obtained from the UK Pesticide Usage Survey. DDT was excluded from this analysis because of its highly persistent properties, leading it to behave differently than insecticides used today. Two herbicides, paraquat and diquat were added to the database because they were both used in oilseeds and pulses and had been implicated in bee mortality events. Chemicals used only as soil treatments (i.e., aldicarb and phorate) and only applied in 1 or 2 yr to small areas (Ͻ1,000 ha) were not included in the analysis. Exceptions to this rule include permethrin and azinphos-methyl mixed with demeton-S-methyl sulfone to oilseeds, both of which caused bee mortality. Except for this last mixture, no other insecticides applied as combinations of active ingredients (i.e., heptenophos and deltamethrin or pirimicarb and lambda cyhalothrin) were included because of the difÞculty of estimating hazard ratios from mixtures of active ingredients with different modes of action.
Pesticide use data were obtained from crop surveys that were conducted every 2Ð 6 yr of the 21-yr period. Both oilseeds and pulses were surveyed in 1977, 1982, 1988, 1990, 1992, 1994, 1996, 1998, 2000, and 2002 . In some cases, the area treated with a given pesticide changed greatly from one survey to the next (i.e., dimethoate applied to pulses: 33,122 ha in 1998; 9,883 ha by 2000). Because of this variance, two separate analyses were conducted. The most thorough analysis focused on the individual years that were surveyed (excluding bee mortality from years that were not surveyed), and a more liberal analysis was conducted that encompassed all the bee mortality data available and used linear interpolation techniques to derive areas treated for the nonsurveyed years.
Estimation of Application Rate. The application rate [g (AI)/ha], calculated from the total weight of active ingredient applied and the total area treated is essentially an average application rate for the UK. For most insecticides, the application rate did not change appreciably over the 21 yr included in the survey, but in some cases, application rate varied greatly. The most dramatic changes in application rate occurred when the area treated was very low (Ͻ1,000 ha), suggesting that the calculation of an average application rate was less reliable when based on limited sampling. Therefore, a mean application rate was calculated using the area treated as a weighting factor 1988, 1990, 1992, 1994, 1996, 1998, 2000, 2002 2,820 1988, 1990, 1992, 1994, 1996, 1998, 2000 1988, 1990, 1992, 1994, 1996, 2002 1988, 1990, 1992, 1994, 1996, 1998, 2000, 2002 1988, 1990, 1992, 1994, 1996, 1998, 2000, 2002 48 1988, 1990, 1992, 1994, 1996, 1998, 2000, 2002 11 1988, 1990, 1992, 1994, 1996, 1998, 2000, 2002 7,906 28 1977, 1982, 1988, 1990, 1992, 1994, 1996, 1998 1988, 1990, 1992, 1994, 1996, 1998, 2000, 2002 1977, 1988, 1990, 1992, 1994, 1996, 1998, 2000, 2002 1977, 1982, 1988, 1990, 1992, 1994, 1996, 1998, 2000, 2002 1982, 1988, 1990, 1992, 1994, 1996, 1998, 2000, 2002 5 1988, 1990, 1992, 1994, 1998 1977, 1982, 1988, 1990, 1992, 1994, 1996, 1998, 2000 1988, 1990, 1992, 1998, 2000, 2002 Lambda-cyhalothrin Oilseeds 1992 Oilseeds , 1994 Oilseeds , 1996 Oilseeds , 1998 Oilseeds , 2000 Oilseeds , 2002 27 1992, 1994, 1996, 1998, 2000, 2002 9 (Table 1) . Weighting was possible for survey years only, but the resulting application rate was used in the "liberal" all-year analysis as well. Estimation of Area Treated. In cases where the area treated with low use chemicals (typically Ͻ1,000 ha) appeared to drop to zero in the middle of a survey series, this was assumed to be caused by random chance in the survey sample, and linear interpolation was used to estimate use. No pesticide use surveys were conducted between 1983 and 1988, so the Þrst application of many chemicals was reported in 1988. For example, alpha-cypermethrin was applied to 53,943 ha of oilseeds in 1988 and increasing areas in subsequent surveys. Ancillary information (Tomlin 2003) suggests that the chemical was marketed as early as 1983 even though there was no record of its use in 1983. Accordingly, we used the 1988 Ð1992 linear relationship in area treated to regress backward to 1983. In other cases (e.g., cyßuthrin in pulses), we used peak area treated to regress both backward and forward from a survey year.
A different approach had to be taken for the two small use products that caused bee mortality: permethrin and the azinphos-methyl/demeton-S-methyl sulfone mixture. The survey reported permethrin use in oilseeds only in 1988 (836 ha treated); however, a bee mortality incident was recorded in 2001. It is likely permethrin was applied to a small number of oilseed Þelds between 1988 and 2001, but this use did not appear in the surveys. We assumed that the area treated remained roughly constant for the 13-yr period. The area treated with azinphos-methyl and demeton-S-methyl sulfone mixture was 126 ha in 1982 (when two mortality events were noted), 0 ha in 1989, and 615 ha in 1990. We thus calculated an incremental increase in area treated from 1982 to 1990. The area treated yearly for each pesticide and estimated cumulative totals are provided in Tables 1 and 2 .
Bee Toxicity Data. Contact and oral bee toxicity data were assembled from a variety of sources, including Atkins et al. (1981) , the EPA Pesticide Ecotoxicity Database (download available from http://www. ipmcenters.org/Ecotox/index.cfm), the French AGRITOX database (http://www.dive.afssa.fr/agritox/ index.php), INCHEM (http://www.inchem.org/), and the Pesticide Manual (Tomlin 2003) . Where there was more than one oral or contact LD 50 record available, the geometric mean was calculated and used in the analysis. Calculated application rates divided by LD 50 (g/bee) were used to construct a hazard ratio (HR), deÞned as the number of million lethal doses of a pesticide applied per hectare. For the azinphos methyl/demeton S-methyl sulfone mixture, the toxicity of azinphos-methyl (the dominant AI) was used to construct the HR. Demeton-S-methyl has a contact toxicity very similar to that of azinphos-methyl (0.6 versus 0.48 g/bee), although we had no information on the sulfone degradate. Considering that our calculation of the area-weighted mean application rates often gave a lower value than suggested label application rates for North America, our calculations of HR may tend to be lower than they would be for equiv- 1977, 1982, 1988, 1990, 1992, 1994, 1996, 1998, 2000, 2002 1977, 1988, 1990, 1992, 1994, 1996, 1998, 2000, 2002 1988, 1990, 1992, 1994, 1996, 1998, 2000, 2002 1977, 1988, 1990, 1992, 1994, 1996, 1998, 2000, 2002 1977, 1982, 1988, 1990, 1992, 1994, 1996, 1998 1977, 1988, 1990, 1992, 1994, 1996, 1998 (Vogue et al. 1994) . In cases where one source differed from another, information was taken from the databases in the order listed above. Values of vapor pressure, log P (log K ow ), molecular weight, and water solubility were obtained from other sources (Tomlin 2003) .
By necessity, all toxicity and physico-chemical properties were obtained for the technical active ingredients and not the formulated end use products. This is a serious limitation because formulation will likely be a major inßuence in affecting both the toxicity and the environmental fate of pesticides.
Statistical Analysis. Values of molecular weight and log K ow were normally distributed, whereas the other physiochemical factors required log 10 transformation to achieve near-normal distributions. Log K ow , molecular weight, vapor pressure, and water solubility were all intercorrelated (P Ͻ 0.05), so to combine these variables into a single predictor, they were subjected to principle component analysis (PCA). For insecticides used on oilseeds and pulses, the Þrst eigenvector explained roughly 80% of total variance.
Logistic regression analyses were used to assess the relationship between honey bee poisoning incidents in the Þeld and pesticide use information, bee toxicity data, and physico-chemical properties. Active ingredients were classed as either "causing" or "not causing" bee mortality, and oilseed and pulses were analyzed separately. This removed the asymmetric effect of triazophos and dimethoate, which caused 115 mortality events in oilseeds and 26 mortality events in pulses, respectively; all other pesticides had fewer than 7 recorded mortality events. Furthermore, even after log 10 transformations, the lack of complete normality in the data because of high skew prevented the use of a multiple linear regression approach. In analyzing models with multiple dimensions, we selected the best model by the best subset method, an iterative method based on maximum likelihood estimation, and AkaikeÕs information criterion (AIC; Akaike 1987) corrected for small sample size (AICc). The AIC selects the most parsimonious model and penalizes for the number of independent variables in subsequent models. Differences between the most parsimonious model and other models (⌬AICc) of two or less indicate a substantial level of empirical support, whereas values Ͼ10 indicate no, or almost no, empirical support (Burnham and Anderson 2002) . The relative difference between models was assessed using a ratio of the Akaike weights of each model with the best (smallest) AICc. The signiÞcance of the models was determined based on 2 and P value statistics.
Results
Exploratory analyses (Harding et al. 2006 ) indicated that model structure was very similar whether the data were restricted to survey years only or whether all years were retained in the analysis. Because of the larger sample of incidents when all years were considered, we opted to present this analysis only.
The incident data showed a drop in observed bee mortality starting in 1991 (Fig. 1) . This was likely because of a decrease in the area that was treated by dimethoate and triazophos from 1990 to 1994. However, changes in reporting rates and an increase in awareness of the options for protecting pollinators from pesticides (i.e., spraying when bees are not active, increased communication between the farmer and beekeeper) could also have been factors that contributed to the drop in bee mortality starting in 1991. To check whether we were justiÞed in analyzing the entire 21-yr block given the distinctly lower bee mortality after 1991, another exploratory analysis separated the data into two periods: 1981Ð1991 and 1992Ð 2002. Again, model structure and regression coefÞ-cients proved to be very similar, leading us to conclude that there was no reason to develop separate models for the two time periods. This in turn suggested that the relationship between pesticide use and incident reporting has not changed appreciably over time. The data have been reported separately in Table 1 , allowing for independent conÞrmation. Finally, given the similarity between models elaborated from oilseed crop versus pulse crop data, we opted to combine the two datasets in a single analysis, using crop type as a categorical variable.
The best predictor models (⌬AIC Յ 2) all included area treated as the Þrst variable, with HR contact , HR oral , vapor pressure, crop type, solubility, molecular weight, and the Þrst PCA factor following as the second and third variables ( Table 3 ). The best model contained area treated, HR contact , and crop type ( 2 ϭ 17.09, P ϭ 0.0007). It takes the following form: P (of incident being reported to the scheme)
where,
x ϭ e [ Ϫ 11.0138 ϩ (1.4663 ϫ log area) ϩ (1.1133 ϫ log HR cont) ϩ (0.5229 ϫ crop value)]
[2] and crop value is 1 for oilseeds and Ϫ1 for pulses.
Vapor pressure was the only physico-chemical property that yielded a model with a higher 2 , but based on AIC, the overall gain did not offset the loss of parsimony resulting from inclusion of another variable. Surprisingly, an estimate of foliar persistence, although expected to be an important variable (Devillers 2002), did not contribute to the best models. Observations of the residuals revealed three principal outliers: cypermethrin in pulse crops was an outlier that did not cause mortality when expected, although it did cause two mortality events in oilseeds; permethrin and azinphos-methyl caused unexpected mortality in oilseeds but both of these chemicals were implicated in mortality events in years when, according to the surveys, these chemical were not applied.
Both HR contact and HR oral seem to be equally suitable to use as toxicity values in models in that they alternate in their relative importance to the outcome. Although highly correlated, some pesticides vary greatly in those respective measures. Accordingly, analyses were run again, this time using HR max , which is the higher of either HR contact or HR oral . We found the resulting model to be very similar to those based on either contact or oral toxicity alone developed in previous analysis. The best model that included area treated and HR max ( 2 ϭ 16.49, P ϭ 0.0009) was slightly behind the model with HR contact and only slightly ahead of the equivalent model with HR oral ( 2 ϭ 19.17, P ϭ 0.0007). Realistically, there was little sep- Although never in the very best models, other physico-chemical descriptors such as molecular weight, water solubility, and PCA did appear in the top 10 models predicting the likelihood of reported bee mortality. Post hoc examination of the data showed that the importance of these physico-chemical descriptors in predicting the likelihood of bee mortality was driven by a group of Þve pesticides with high molecular weight, all of which are synthetic pyrethroids. Despite low rates of application, the HRs associated with this group of pesticides are substantial. There seems to be a clear under-representation of the number of kills with this class of compounds. When pyrethroids were analyzed separately, there was no effect of HR (the range being quite small), and area treated became the only factor of importance in predicting an incident ( 2 ϭ 10.62, P ϭ 0.005).
Discussion
Both oral and contact toxicity, along with the size of the area treated, can be used to predict the likelihood that honey bee mortality will occur and in turn be reported to WIIS. Including physico-chemical properties or foliage persistence in the models did not greatly increase the power of prediction, and whatever inßuence they did have likely resulted from a difference between pyrethroid and nonpyrethroid insecticides. This was most likely because of a differential reporting rate for the two groups. Pyrethroids have a quick knockdown effect (bursts of contractions as a result of sodium channels in neurons being maintained for a longer length of time than usual in an open conformation, which culminates with paralysis) (Bloomquist 1996) . The quick knockdown means that bees would be more likely to die away from the hive and not be reported to the WIIS. However, some pyrethroids are reputed to have a repellent action on bees (Tomlin 2003) and may therefore cause less mortality than predicted from toxicity alone. Not knowing whether this reported repellency is sufÞcient to prevent mortality or whether mortality is occurring undetected makes protecting wild pollinators, let alone honey bees, from this class of chemicals problematical. Finally, because of the low application rate, bees that have been killed by pyrethroids are likely to contain very small concentrations of pesticide, making analysis difÞcult and under-reporting likely.
As the area that is treated increases, the distance between the sprayed Þeld and the hive is likely to decrease, which in turn heightens the likelihood that the bees will return to the hive to die. Simple comparisons of HR values did provide useful insight into which pesticides were likely to trigger reportable incidents. From this analysis, it is clear that the lack of any mortality incident data are no grounds to declare Only models with weight ratio Ͻ10 are included.
a product safe to bees. The area treated has an overwhelming inßuence on predicting whether incidents with any particular insecticide are likely to be reported. The pesticides used in this analysis have correlated HR oral and HR contact . This is partly because of the fact that they act both on contact and through stomach action. It is reasonable that both toxicity measures can be used to create acceptable models. It is assumed that most of the bee mortalities documented in the database were cases where contaminated pollen was brought back to the hive, killing large numbers of hive bees. Chemicals that kill bees only in the Þeld are likely to be under-reported as argued previously for pyrethroids. This may be one reason why some pesticides that would be expected to kill bees on the basis of high HR values or at least values higher than other insecticides for which there are mortality events on record do not have any recorded incidents. It would be interesting to see whether "time to knockdown," assuming it were available for all products, would also be a good model predictor.
Using the best predictor model (area treated, HR contact , and crop), we estimated the probability that a bee mortality incident would be reported to the monitoring scheme if the area treated equaled 81,500 ha (the geometric mean of the 20-yr cumulative area treated for each insecticide in our sample) for each insecticide. This was done by re-entering data for each pesticide-crop combination in equation 1 above. Model predictions (Table 2) suggest that some insecticides (e.g., chlorpyrifos) with no documented incidents carry an extreme risk for bees and should be considered highly hazardous until shown otherwise. The lack of reported incidents is most likely the result of lower product popularity. One observation is that mortality is much more likely to be observed in oilseeds than in pulses given similar HRs. This may be because bees are more vulnerable in oilseeds on account of their foraging behavior or that beekeepers are more likely to associate mortality with pesticide use in that crop. Considering that the reason for this difference is not known, it would be prudent to use the HR values established for oilseed crops in setting risk classes based on HR. Some pesticides caused a disproportionate number of incidents (e.g., triazophos, dimethoate). In some cases, this may be because of variables not considered in this model. For example, it was suggested to us that the high risk of dimethoate was a result of its systemic properties and its concentration in nectar (M. J. Smirle, personal communication).
Although it is difÞcult from this exercise to set strict HR limits, a few general conclusions can be drawn. It is important to remember that HR is a ratio between application rate and toxicity; both will have a large inßuence on mortality. An increase in application rate will raise the HR for that pesticide. There seems to be negligible risk from applications of pesticides with HR contact values Ͻ50. This is a very nice validation of the Þrst tier cut-off value of 50 proposed in the European Commission Guidance Document on Terrestrial Ecotoxicology (European Commission 2002), which was apparently established from unpublished Þeld trials. Beyond an HR contact of 400, the risk of recording hive mortality incidents is extreme (Ϸ50% probability) for any pesticide in broad use. It is clear that the lack of any mortality incident data is no grounds to declare a product safe to bees, and the area treated has an overwhelming inßuence on predicting whether incidents with any particular insecticide are reported.
